Helicobacter pylori (H. pylori) represents an important factor in the development of atrophic gastritis, intestinal metaplasia (IM), and gastric cancer. Eradication of H. pylori has been reported to prevent gastric cancer only in cases without atrophy or IM. However, histological changes with eradication have yet to be fully clarified. We evaluated 38 H. pylori-positive cases before and after eradication at the gland level; pyloric glands were classified as showing gastric proper (G) and IM gland types, with the latter including gastric-and-intestinal mixed IM (GI-IM) and solely intestinal IM (I-IM), depending on the remaining gastric phenotypes. On eradication, acute and chronic inflammation attenuated rapidly and gradually, respectively, whereas levels of MUC5AC and MUC6 expression were not markedly altered. Gland width, size of nuclei and cytoplasm and their ratio in surface foveolar epithelium, the number of Ki-67-positive cells and the length of the proliferating zone in each gland were significantly decreased in G glands after eradication compared with those in GI-IM and I-IM. The number of mitotic phase cells, positive for phosphorylated histone H3 at serine 28, was increased in both types of IM compared to that in G glands in the H. pylori-infected state, but unexpectedly remained unchanged with eradication. These results suggest that GI-IM, as the beginning of IM, could represent a histological irreversible point with eradication and be considered as a "histological point of no return".
Introduction
Gastric cancer remains the most common type of cancer and the second leading cause of cancer-related deaths in Japan, despite recent decreasing trends. Worldwide, this malignancy remains the fourth most frequent cause of morbidity and the second-most widespread cause of cancer death especially in East Asian countries, 41% from China and 11% from Japan in 2002 [1] - [3] . Helicobacter pylori (H. pylori) was discovered by Warren and Marshall in 1983 and suggested as a causative factor for gastric disorders [4] . H. pylori infection has been illustrated to be a consequential risk factor for the development of chronic atrophic gastritis and intestinal metaplasia (IM) [5] . In humans, IM has been extensively analyzed and attracted attention of pathologists as a precancerous lesion. We have proposed a novel classification depending on emerging intestinal properties together with remaining gastric phenotypes. With this classification, IM could be divided into two main types, gastric-and-intestinal mixed IM (GI-IM) and solely intestinal IM (I-IM); the former still possess gastric components including MUC5AC-positive foveolar epithelium and/or MUC6-positive atrophied pyloric gland cells and the latter consists only of intestinal epithelium characterized by MUC2 possessing goblet cells or CD10-positive absorptive cell with nuclear CDX2 expression with or without Paneth cells [6] [7] . The Mongolian gerbil (Meriones unguiculatus) model was established to show successful H. pylori infection and subsequent chronic active gastritis and emergence of IM [8] . Regenerative glands often developed and proliferated beyond the muscularis mucosae to form cystic dilated glands in the submucosa, designated as heterotopic proliferative glands (HPGs). HPGs initially consisted of only gastric epithelial cells but gradually possessed intestinal epithelial cells 25 weeks after infection to form GI-IM, and then finally containing Paneth cells to compose I-IM. These results explain H. pylori infection as initially causing chronic gastritis, then induce GI-IM, and finally progress to I-IM dependent on the duration of H. pylori-induced inflammation [9] . Taking into account both human and animal data, IM was considered to represent a serial and simultaneous progression of atrophy and intestinalization via GI-IM toward finally I-IM with H. pylori infection.
Several case-control studies have revealed a positive correlation between H. pylori infection and gastric carcinogenesis [10] - [13] . Based on these epidemiological findings, the World Health Organization (WHO)/International Agency for Research on Cancer (IARC) defined H. pylori as a "definite carcinogen" in 1994 [14] . In Mongolian gerbil models, H. pylori infection strongly promoted chemical carcinogen-induced gastric carcinogenesis [15] [16] . In turn, eradication of the bacteria proved effective in preventing carcinogenesis in H. pylori-infected carcinogen-treated gerbils; the earlier, the more effectively [17] [18] . In human trials, Fukase et al. [19] reported that eradication of H. pylori was effective for preventing metachronous gastric carcinoma. However, Wong et al. [20] and Yanaoka et al. [21] indicated that eradication was not practically effective in preventing gastric carcinogenesis for subjects who had already passed the irreversible point and suffered from severe atrophic and metaplastic gastritis. In this regard, the pathological findings that really represent risk factors and the point beyond which recovery cannot be achieved with eradication of H. pylori remain unclear.
In this study, we classified pyloric glands as gastric proper (G), GI-IM, and I-IM, then analyzed the reversibility of each gland type after eradicating H. pylori in an attempt to identify histological points of irreversibility.
Materials and Methods

Study Subjects
The subjects had been analyzed for H. pylori infection using the 13 C-urea breath test (using UBIT tablets, Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan). Briefly, the patients were judged "H. pylori infected" if 13 C-carbon dioxide was detected in their exhaled breath when 13 C-urea was taken, which should be decomposed into 13 [22] 
Inflammatory Score
Degree of inflammation was scored according to the updated Sydney system [23] including H. pylori, neutrophils, mononuclear cells, atrophy of antrum and corpus region, and IM into scores of: 0, normal; 1, mild; 2, moderate; and 3, marked. If immunohistochemical analysis could not detect H. pylori, final judgment of the infection was determined according to the 13 C-urea breath test and was scored as 1 in case of the infection-positive.
Immunohistochemistry and Classification of Each Gland with Gastric and Intestinal Phenotypes
Tissue samples embedded in paraffin blocks were utilized for hematoxylin (Merck KGaA, Darmstadt, Germany) and eosin (Muto Pure Chemicals, Co., Ltd., Tokyo, Japan) (HE) staining and immunohistochemical analyses.
For the immunohistochemical detection of gastrointestinal phenotypic markers, antibodies against MUC5AC (clone CLH2; Novocastra, Newcastle-upon-Tyne, UK), MUC6 (clone CLH5; Novocastra), and CDX2 (CDX2-88; BioGenex, San Ramon, CA) were applied. Ki-67 antibody (clone MIB-1; DAKO Japan, Tokyo, Japan) was used to detect proliferative cells and anti-phosphorylated histone H3 at serine 28 (H3S28ph, clone HTA28; generously providedby Dr. Masaaki Inagaki, Aichi Cancer Center Research Institute, Nagoya, Japan) was utilized for visualization of mitotic phase nuclei [24] . H. pyloriwas immunohistochemically detected using a polyclonal antibody (DAKO). All immunohistochemical procedures were performed using iView DAB universal kits with Ventana Benchmark Ultra apparatus according to the instructions from the manufacturer (Roche Diagnostics, Tokyo, Japan). Briefly, sections were deparaffinized, treated with CC1 antigen retrieval buffer (5 mM ethylenediaminetetraacetic acid, pH 8.0), and incubated with the primary antibodies described above. Then, the sections were treated with the universal secondary antibody (mixture of anti-mouse and anti-rabbit antibodies), visualized with 3, 3'-diaminobenzidine, and counter-stained with hematoxylin. Glands were classified into G and IMglands, with the latter including GI-IM and I-IM according to the morphology and immunoexpression of gastric and intestinal markers, as previously described [7] .
Mucin Core Protein Expression
Expression of MUC5AC was analyzed in the whole area of mucosa, whereas MUC6 was judged in the antrum and corpus separately. Evaluations were made semiquantitatively according to the staining intensity into scores of: 0, none; 1, weak; 2, moderate; and 3, strong.
Histological Analyses
Antral region was chosen to evaluate progression of IM, since corpus region rarely possessed GI-IM. Diameter of the glands at the widest part was measured in the shallow region of the foveolar epithelium in G, GI-IM, and I-IM glands to monitor hyperplastic or hypertrophic responses to H. pylori infection. Height of the cytoplasm (C), nucleus (N), and nucleus-to-cytoplasm (N/C) ratio were also measured at the same points to assess relative nuclear enlargement and disturbance of polarity at the cellular level. In the relatively deeper zone, length of the Ki-67-positive proliferative region was measured in each gland. Numbers of Ki-67-and H3S28ph-positive cells per gland were also counted.
Statistical Analysis
Quantitative values are expressed as means ± standard deviation (SD) and medians, and differences between means were statistically analyzed using the Kruskal-Wallis test followed by Dunn's multiple comparisons using Prism 6 software (GraphPad Software, La Jolla, CA). Values of P < 0.05 were considered statistically significant.
Results
Gastritis, Atrophy, and Intestinal Metaplasia
The amount of H. pylori, degree of inflammatory cell infiltrates, atrophy of mucosa, and IM are described in Table 1 for Hp(+) and Hp(−) groups. H. pylori disappeared in the Hp(−) group. Neutrophils were drastically decreased after successful eradication. Mononuclear cells gradually showed a relative decrease after eradication. In contrast, atrophy in both the antrum and corpus and IM were not significantly altered.
Mucin Expression
Expression of MUC5AC in the surface foveolar epithelium and those of MUC6 in the antrum (pyloric mucosa) and corpus (fundic mucosa) were evaluated, but no significant alteration was found ( Table 1 ).
Analysis of Surface Foveolar Epithelium
In the H. pylori-infected condition [Hp(+)], gastric-type foveolar glands show hyperplastic and hypertrophic proliferation, resulting in enlargement of the diameter of the glands, lengthening of the foveolar cytoplasm, increasing size of nuclei, and increased N/C ratio (Figure 1) . Diameters of foveolar glands were 125.0 ± 43.9 µm, 108.6 ± 22.1 µm, and 116.7 ± 27.8 µm in G, GI-IM, and I-IM glands in the Hp(+) group, compared to 74.8 ± 22.6 µm, 100.8 ± 21.2 µm, and 102.6 ± 27.8 µm in the Hp(−) group, respectively. The numbers of the glands analyzed are 26, 14, and 19 in G, GI, and I in the Hp(+) groups, and 22, 10, and 18 in the Hp(−) group, respectively. Diameter of G glands was significantly narrowed after eradication of H. pylori [Hp(−)/G] compared to Hp(+)/G, and also became significantly slimmer than the Hp(−)/I group (Figure 2(a)) . (Figure 2(b) ).
Heights of N from the basal layer were 16.6 ± 7.7 µm, 16.9 ± 5.8 µm, 13. (Figure 2(c)) . N/C ratio was further evaluated to assess the effect of eradication, and was 51.9% ± 11.3%, 49.5% ± 12.4%, 37.2% ± 8.7%, 33.9% ± 8.0%, 45.6% ± 14.1%, and 44.7% ± 13.4%, in the Hp(+)/G, Hp(+)/GI, Hp(+)/I, Hp(−)/G, Hp(−)/GI, and Hp(−)/I groups, respectively. The analyzed numbers are 44, 28, 39, 44, 19 , and 36, respectively. In the H. pylori-positive condition, N/C ratio was highest in G glands. With eradication, the ratio in 
Analysis of Proliferative Zone
The proliferative zone was localized at the bottom of foveolar epithelium above pyloric glands in G and GI-IM. In I-IM, however, the proliferative zone was localized at the bottom of the gland, since pyloric glands showed almost complete atrophic change. Gastric glands showed regenerative proliferation with H. pylori infection, and this proliferation was drastically reduced with eradication, whereas IM glands (both GI-IM and I-IM) did not show alleviation in terms of Ki-67-positive cells. Surprisingly, the number of H3S28ph-positive mitotic cells was unchanged with eradication in G glands, and was much higher in IM glands irrespective of H. pylori infection (Figure 3) . Lengths of the proliferative zone were determined as the region of Ki-67-positive cells in each gland and were 276.2 ± 98.8 µm, 356.5 ± 111.3 µm, 297.7 ± 77.0 µm, 169.8 ± 43.3 µm, 370.6 ± 98.4 µm, and 358.5 ± 81.5 µm, respectively, in the Hp(+)/G, Hp(+)/GI, Hp(+)/I, Hp(−)/G, Hp(−)/GI, and Hp(−)/I groups. The numbers of glands analyzed are 25, 14, 18, 17, 14, and 10, respectively. The proliferative zone became smaller only in G-type glands after eradication of H. pylori in contrast to IM glands (including GI-IM and I-IM). After eradication, the proliferative zone was significantly shorter in G glands compared with GI-IM and I-IM (Figure 4(a) ).
Numbers of Ki-67-positive cells per gland were 92.4 ± 40.1, 132.4 ± 55.5, 101.6 ± 44.6, 30.6 ± 17.9, 150.2 ± 51.9, and 141.6 ± 39.5, respectively. The analyzed numbers are 25, 14, 18, 17, 14, and 10, respectively. The number in Hp(−)/G was significantly reduced after eradication, whereas those in Hp(−)/GI and Hp(−)/I were not (Figure 4(b) ).
Mean in Hp(+)/I glands was increased significantly compared to that in Hp(+)/G glands. After eradication, numbers of mitotic phase cells in each gland were not significantly changed, with the number in Hp(−)/G glands still significantly lower than that in Hp(−)/GI glands (Figure 4(c) ).
Since the discovery of H. pylori, this organism has been clarified to play a major role in the induction of chronic atrophic gastritis and development of IM [25] [26] . In the current analysis, we analyzed whether and how far this serial process of atrophy and intestinalization could be recovered to normal gastric mucosa with eradication of H. pylori. In previous trials, several reports did not always show the improvement of gastric atrophy and IM with eradication of H. pylori [27] - [29] as in our analysis. In contrast, other publications have shown the effectiveness of eradication for improving gastric lesions in the antrum or corpus, at least in part [30] - [33] . Although recent findings tend to show recovery of atrophy and controversial results for IM, it is difficult to precisely compare the degree of factors for the updated Sydney System in small biopsy samples. Exacerbation of atrophic gastritis is often coupled with development and progression of IM. However, since the schematic view of the updated Sydney System [23] describes atrophy and IM separately, only mild atrophy without IM might be acknowledged as "atrophy". Since the observation period after eradication in our analysis was relatively short, for 14.7 ± 17.1 months (median, 4 months), finding of histological changes might have been hindered. We have analyzed the expression of mucin core protein before and after H. pylori eradication. However, no significant changes in expression of mucin core protein were seen in our scoring system, despite alleviation of foveolar epithelium in G glands in this analysis. A large discrepancy was found in the expression of mucin core proteins among our and previous reports. Matsuzwa et al. [34] reported that MUC6 in pyloric gland cells were increased in H. pylori-associated gastritis and decreased to almost normal levels after eradication. In contrast, Fichman and Niv [35] and Kang et al. [36] analyzed histological changes to reveal up-regulation of MUC6 mucin core protein with eradication of H. pylori. These two reports, however, showed controversial results for MUC5AC. This might have been caused by sampling deviation of biopsy specimens and evaluation methods.
Eradication of H. pylori alleviated hyperplastic and hypertrophic enlargement of foveolar epithelium only in G-type, but not in GI-IM and I-IM. Consistent with our results, endoscopic observation showed that enlarged and elongated gastric pits improved to small oval or round pits, whereas no such change was observed in subjects with severe atrophy and IM [22] .
In the antrum, the proliferative zone is localized between the surface foveolar epithelium and pyloric glands, and is characterized by Ki-67 immunopositivity. Our results showed that proliferative zones widened and numbers of Ki-67-positive cells per gland were increased in all G, GI-IM, and I-IM glands in H. pylori-positive cases. Nonetheless, upon eradication of H. pylori, the proliferative region and Ki-67-positive cells were significantly decreased only in G-type glands. Murakami et al. [37] observed mucosal cell proliferation in H. pylori-associated gastritis and showed that eradication of the bacteria markedly reduced proliferation in both the antrum and corpus. In contrast, El-Zimaity et al. [38] documented that antral mucosal proliferation was sustained despite successful eradication of H. pylori. However, the presence of IM was not clearly described in their reports. Erkan et al. [39] compared Ki-67-positive proliferative index in IM and chronic gastritis and showed a significantly higher index in IM.
Histone H3 is phosphorylated at serine 28 during the M phase in the cell cycle, being detected with HTA28 antibody [24] . In G-type glands harboring no IM, H3S28ph-positive cells were not increased with H. pylori infection, which was unexpectedly not altered by eradication in contrast to the proliferative zone characterized as the Ki-67-positive region. On the other hand, in IM glands including both GI-IM and I-IM, the number of M-phase cells increased in the H. pylori-infected state and did not recover with eradication. In contrast to our results, Hibi et al. [40] reported that mitotic index was elevated in the non-eradicated group, but was significantly decreased in the eradicated group. Since this report does not precisely identify what types of gland we reevaluated, mixtures of G, GI-IM, and I-IM glands could have been used for evaluation. Taking into account all the data, the beginning of IM could represent a point of irreversible change, despite eradication of H. pylori ( Figure 5) .
To prevent gastric lesions, eradication of H. pylori has been approved not only for gastric cancer or peptic ulcer patients but also for cases of H. pylori-induced chronic gastritis. Several reports suggested that successful eradication might reduce the occurrence of metachronous gastric cancer after endoscopic resection of early gastric cancer in prospective studies up to 3-year follow up [19] [41] or in a retrospective study [42] . Contrasting with the above favorable analyses, other reports have not always shown welcome consequences with the eradication of H. pylori. Wong et al. [20] conducted a 7.5-year randomized controlled trial in China and revealed that eradication of H. pylori was clarified to significantly decrease the subsequent development of gastric cancer only in the subgroup without gastric atrophy, IM, or dysplasia but the overall incidence of gastric cancer did not differ significantly between participants receiving H. pylori eradication and those receiving placebo. Yanaoka et al. [21] performed a prospective study to clarify the risk of gastric carcinogenesis with simultaneously monitoring degree of chronic gastritis using serum pepsinogen level and pepsinogen I/II ratio and observed significant reduction in cancer incidence in pepsinogen test-negative subjects with mild gastritis after H. pylori eradication over a mean period of 9.3 ± 0.7 years. Maehata et al. [43] performed a retrospective multicenter study including 268 H. pylori-positive patients who had undergone endoscopic resection of gastric cancer and revealed severe mucosal atrophy as an independent risk factor for the development of metachronous cancers despite unimproved overall risk. Another meta-analysis [44] supports the idea that eradication of H. pylori is effective only in the subgroup without IM or dysplasia. Animal models support the idea that H. pylori eradication was useful to prevent gastric carcinogenesis especially when performed in an earlier period [15] - [18] [25] [26] .
Conclusion
In conclusion, as mentioned above, mucosal damage with IM may not recover to gastric-type mucosa, so the shift from G to GI-IM would represent a candidate for a "histological point of no return" with eradication of H. pylori. As a result, it is advised that H. pylori would better be eradicated at a younger age before the development of IM, to most effectively prevent gastric carcinogenesis.
